Background
==========

Autonomic nervous system plays a crucial role in the maintenance of circulatory homeostasis. Several studies have documented the worse prognosis associated with autonomic dysfunction in sepsis \[[@B1]\], trauma \[[@B2]\] or multiple organ failure \[[@B3]\]. In order to assess the autonomic nervous function, these studies mainly investigated heart rate variability or baroreflex sensitivity. Baroreflex allows to compensate for sudden changes in arterial pressure, through baroreceptors activation and subsequent stimulation or inhibition of autonomic pathways located in the brainstem, which induce parallel changes in RR intervals \[[@B4]\].

Many factors may interfere with the autonomic nervous system in critical care patients, like significant comorbidities (diabetes mellitus \[[@B5]\], ischemic heart disease \[[@B6]\]), sedative \[[@B7]\] or vasoactive \[[@B8]\] drugs. During spontaneous breathing, the use of positive end-expiratory pressure (PEEP) may also affect the autonomic nervous system function, with conflicting results. PEEP increased the high frequency heart rate variability in congestive heart failure \[[@B9]\] and in patients with obstructive sleep apnea, with \[[@B10]\] or without \[[@B11]\] associated heart failure. The baroreflex sensitivity was acutely improved by PEEP in obstructive sleep apnea \[[@B12]\], but pressure levels \> 10 cm H2O were associated with a decreased baroreflex sensitivity in healthy subjects \[[@B13]\]. In critical care patients, PEEP is also widely used during non-invasive or invasive mechanical ventilation. PEEP was recommended in the management of critical care patients with acute lung injury \[[@B14]\], in order to reduce the proportion of nonaerated lung and to improve arterial oxygenation. Nevertheless, its effect on autonomic nervous function has been poorly explored in mechanically ventilated patients.

During mechanical ventilation, we have recently observed that high-frequency amplitude of RR variability (HF-RR amplitude) and cardiorespiratory phase difference were very steady over time in some patients, and extremely variable in others \[[@B15]\]. Conversely, for systolic blood pressure (SBP), HF-SBP amplitude and phase were stable in all patients, with an inversion of SBP phase during the ventilator cycle compared to spontaneous breathing with negative inspiratory pressure. These findings suggested that the direct mechanical effect of intrathoracic positive pressure on SBP was the main determinant of SBP variability, whereas RR variability depended on both mechanical and autonomic nervous factors. By analogy to the arterial pressure, a stable pattern of HF-RR amplitude and cardiorespiratory phase difference could reflect a marked mechanical effect overwhelming a blunted autonomic nervous system function. Moreover, complexity of RR variability is controlled by the autonomic nervous system \[[@B16]\], and many pathological states are characterized by loss of autonomic tone as well as most markers of heart rate complexity \[[@B17]\]. Thus, the stable pattern that we have observed in some mechanically ventilated patients could be related to an autonomic dysfunction.

The first hypothesis of the present study was that a steady pattern of RR variability, in amplitude (HF-RR amplitude) and phase (cardiorespiratory phase difference) could be associated with reduced baroreflex sensitivity and mean HF-RR amplitude, reflecting a blunted autonomic nervous function. As PEEP has been shown to affect the autonomic nervous function in other settings, our second hypothesis was that increasing PEEP could further worsen the autonomic nervous function, promoting both steady pattern and reduced baroreflex sensitivity.

Methods
=======

This prospective observational study was conducted between November 2007 and September 2008 in the 16-bed medical-surgical intensive care unit (ICU) of the Sud-Francilien General Hospital (Evry, France). The study protocol was approved by the ethics committee of the Francophone Society for Critical Care (CE-SRLF 08-273), who waived the need for written informed consent. Nevertheless, an information letter was given to the patients and/or close relatives, indicating the possibility for the patients to refuse the use of their data.

Inclusion criteria
------------------

According to the definition of the American-European Consensus Conference on acute respiratory distress syndrome \[[@B18]\], patients with acute lung injury (ALI) and for whom an increase in PEEP was prescribed by the attending physician were included. Increasing PEEP is recommended in the treatment of hypoxaemia \[[@B14]\] and is routinely prescribed in our ICU for ALI patients. ALI criteria were acute hypoxemia with a ratio of the partial pressure of arterial oxygen over the fraction of inspired oxygen (PaO~2~/FiO~2~) no greater than 300 mm Hg, bilateral infiltrates consistent with pulmonary oedema on a frontal chest radiograph, and either no clinical evidence of left atrial hypertension or (if measured) a pulmonary-artery wedge pressure no greater than 18 mm Hg. All the study patients received the same dosages of sedative drugs (midazolam and fentanyl) to tolerate mechanical ventilation. In addition, all were equipped with a radial or femoral artery catheter in order to continuously monitor arterial pressure.

Exclusion criteria
------------------

Patients who had pre-existing or new-onset cardiac arrhythmias, treatment with anti-arrhythmic drugs, incomplete adaptation to the ventilator, or no arterial catheter were not included.

Protocol
--------

The patients were kept in a semi-recumbent position and left undisturbed, with no changes in ventilator parameters or medication during data collection. Ventilator settings were as follows: volume assist-control mode; tidal volume (Vt), 6 ml/kg ideal body weight; breathing rate, 20 cycles/minute; inspiratory/expiratory ratio, 1/2. FiO~2~was adjusted to maintain transcutaneous oxygen saturation in blood ≥ 94%. All patients were sedated with midazolam and fentanyl in dosages that were titrated to achieve an adequate adaptation to the ventilator settings. Age, gender, aetiology of ALI, SAPS II severity-of-illness score \[[@B19]\], duration of mechanical ventilation and ICU mortality were collected. At PEEP 10, SOFA (organ failure assessment score) \[[@B20]\], vasoactive drugs dosage, FiO~2~, PaO2/FiO~2~ratio and PaCO2 were also recorded.

### Signal acquisition

We performed two signal acquisitions for each patient. The first one was carried out at a PEEP of 5 cm H2O and, after a stabilization period of at least 30 minutes, the second one was carried out at a PEEP of 10 cm H2O. These two levels of PEEP were selected in order to provide a range (5-10 cm H2O) large enough to evidence significant differences and to limit the possible deleterious effects of higher PEEP levels \[[@B21]\]. For each signal acquisition, one-lead electrocardiogram (ECG), arterial pressure, and respiratory flow signals were recorded over a 15-min period using a Biopac 100 system (Biopac systems, Goleta, CA, USA). The respiratory flow was measured with a Hans-Rudolph pneumotachograph (Hans Rudolph Inc, Shawnee, KS, USA) connected to a differential pressure transducer (Validyne MP-45; Validyne, Northridge, CA, USA) and an electronic flow integrator (Validyne MC 1-3; Validyne, Northridge, CA, USA). All data were sampled at 1000 Hz and stored on a hard-disk. The data were acquired for all the patients at the same time of the day to ensure comparable circadian influence.

### Signal analysis

#### Raw data processing

Signal processing was performed using the Scicos-Scilab and Matlab environments at the French National Institute for Research in Computer Science and Control (INRIA -Sisyphe team). For each 15-min recording, the first and last 100 seconds were removed to avoid border effects of signal processing methods. As very few extra-systolic beats or artifact periods were observed, they were not corrected but discarded from the analysis. Thus, 700-second artifact-free periods were available from most of the patients. RR and SBP time series were extracted from ECG and BP raw signals: ECG and BP were multiplied by a parabolic signal, adapted to the QRS/systolic pressure width, along successive windowing epochs. This parabolic fitting enhances their maximal values and minimizes their lower values, improving the detection of the R peak from the ECG and of the systolic value from the BP signal \[[@B22]\]. Vt was computed with Chart5 soft (Chart5, v5.5, ADInstruments, AUS) by integrating the respiratory flow signal after calibration, as previously described \[[@B23]\]. All series (RR, SBP and Vt) were resampled at 4 Hz, by the interpolation of a third order spline function to obtain equidistant data. The series were then analyzed using the following time and frequency methods.

#### Assessing the phase difference between cardiovascular and respiratory signals and the instantaneous breathing amplitude of RR and SBP series

*a) Complex DeModulation (CDM) parameters*

The CDM, a time-local version of harmonic analysis, has been used to measure cardiovascular and respiratory interactions \[[@B24]-[@B27]\]. CDM provides an instantaneous and continuous assessment of the amplitude (HF-CDM), frequency, and phase of RR and SBP variabilities with breathing. To reduce noise and to obtain a monocomponent signal, cardiovascular series were first filtered through a narrow band-pass filter centered on the breathing frequency (0.30 - 0.36 Hz). This narrow band differed from the conventional HF band (0.15-0.4 Hz) defined by the Task Force \[[@B28]\]: in healthy individuals breathing spontaneously, breathing frequency can change and the HF range was defined from 0.15 to 0.4 Hz to ensure that the breathing cardiovascular variability peak was contained in the HF range. In our study, tidal volume was delivered by the ventilator at a strictly constant frequency (0.33 Hz). This allows us to determine a narrow band around this central frequency, which contains nearly all the respiratory oscillations and only them, avoiding noise or spectral activity different from them, and providing more accurate data than the classical range \[[@B27]\]. The instantaneous delay between cardiovascular and respiratory phases was assessed based on the actual modulating breathing frequency \[[@B26],[@B27]\].

*b) Choice of a robust criterion for the classification into two groups, stable versus unstable*

As previously defined \[[@B15]\], the classification was first based on a qualitative visual estimation of two patterns of stability for HF-RR amplitude and cardiorespiratory phase difference over time, and was secondarily confirmed by a quantitative estimation.

Stability could be estimated by standard-deviation (SD) of parameters and also by remarkable values such as: amplitude of the maximum drift of cardiorespiratory phase difference, percentage of time spent below a threshold for HF-RR amplitude.

All these parameters being strongly correlated (phase is arctan of amplitude, mean r = 0.9), a single criterion has been chosen, according to HF-RR amplitude rather than cardiorespiratory phase difference. Indeed, diminutions/disappearances of HF-RR amplitude were always associated with cardiorespiratory phase changes whereas the inverse proposition was not always verified \[[@B27]\]. The percentage of time spent below a threshold was preferred to SD because it gave priority to diminutions/disappearances of respiratory oscillations. The threshold value, fixed to 50% of the mean HF-RR amplitude for the whole period, seemed to be a good compromise, comforted by strongly significant differences of all parameters between the two groups.

Therefore, patients with HF-RR amplitude never decreasing below this threshold were defined as stable, whereas patients who exhibited falls of HR-RR amplitude below the threshold were defined as unstable.

#### Assessing baroreflex sensitivity (BRS)

The smoothed power spectral density (SPSD) was used to quantify local SBP and RR respiratory variabilities, which served to assess baroreflex sensitivity. SPSD has been already described \[[@B26],[@B27]\]. SPSD was applied to successive 64-point Hanning windows (16 sec, therefore containing 5 respiratory oscillations) for each cardiovascular series.

Spectral power was computed in the same high-frequency (HF) band as for CDM analysis, by integrating the power spectral density in the RR and SBP spectra.

A cross spectral analysis was applied to RR and SBP spectra to compute the Coherence and Transfer functions \[[@B26],[@B27]\]. The spectral BRS is supported by the hypothesis of a linear relation between the input (BP) and output (RR) of the model. The degree of linearity between the two signals is estimated by the value of the Coherence function. It was accepted that RR and SBP spectra had a reliable linear relationship when the coherence index was higher than 0.5 \[[@B29],[@B30]\].

The averaged spectral gain in the HF band was the modulus of the transfer function between the RR and SBP spectra \[[@B31],[@B32]\].

Statistical analysis
--------------------

All results were reported as means ± SEM when normality has been checked, as median (25-75 percentile) values otherwise. The normality of the data was checked with a Kolmogorov-Smirnov test. To compare PEEP 5 versus PEEP 10 in all subjects, paired tests were applied: the parametric t-test (one way repeated Anova measures) in case of normality, the non parametric Wilcoxon test (repeated measures on ranks) otherwise. To compare the two groups at PEEP 10, unpaired tests were applied: the parametric t-test in case of normality, the non parametric Mann-Whitney rank sum test otherwise.

Results
=======

Patients
--------

We included 23 patients (15 men and 8 women). ALI was due to aspiration pneumonia (10 patients), community acquired pneumonia (3 patients), peritonitis (5 patients), severe acute pancreatitis (2 patients), hemorrhagic shock (2 patients) and necrotizing cellulitis (1 patient). 16 patients received vasoactive drugs and 12 died in the ICU. Characteristics of the patients were summarized in Table [1](#T1){ref-type="table"}. Among the data recorded, SOFA (Sequential Organ Failure Assessment) score and vasoactive drug dosage were significantly higher in the stable group compared with the unstable one. The other parameters did not differ between the two groups.

###### 

Characteristics of the patients and comparison between the two groups (unstable *vs*stable) at PEEP 10.

  Parameters                                    All patients (n = 23)   Unstable group (n = 11)   Stable group (n = 12)   *p*(unstable *vs*stable group)
  --------------------------------------------- ----------------------- ------------------------- ----------------------- --------------------------------
  Age (years)                                   55 (49-61)              53 (49-60)                56 (49-61)              0.90
  SAPS II                                       61 (49-75)              58 (46-61)                71 (53-79)              0.13
  Duration of mechanical ventilation (days)     12 (7-15)               12.0 (6.5-21.8)           12.5 (9.5-15.0)         0.74
  PaO~2~/FiO~2~                                 210 (150-293)           242 (154-375)             175 (150-266)           0.48
  FiO~2~(%)                                     50 (40-60)              45 (36-59)                50 (40-70)              0.54
  PaCO~2~(mmHg)                                 39 (37-45)              40 (37-44)                38 (36-46)              0.76
  SOFA score                                    9.0 (6.3-11.8)          7.0 (5.3-10.0)            10.5 (7.5-14.5)         0.04
  Vasoactive drugs dosage (μg.kg^-1^.min^-1^)   0.25 (0.00-0.35)        0.13 (0.00-0.25)          0.32 (0.22-0.78)        0.03

All results were reported as median (25-75 percentile) values. PaO~2~/FiO~2~, FiO~2~, PaCO~2~, SOFA score and vasoactive drugs dosage were collected at PEEP 10. SOFA score and vasoactive drugs dosage were significantly higher in the stable group.

Autonomic nervous differences between stable and unstable groups at PEEP 10
---------------------------------------------------------------------------

### Baroreflex sensitivity (Table [2](#T2){ref-type="table"} and Figure [1](#F1){ref-type="fig"})

![**Comparison between an unstable and a stable subject at PEEP 10, through significant spectral (summarized in Table 2) and CDM (summarized in Table 3) parameters**. At the top, solid lines represented the CDM instantaneous parameters (HF-RR phase and amplitude). At the bottom, each dot represented an averaged value over 16 seconds, from the spectral gain method. The CDM method revealed a greater variability in HF-RR phase and amplitude in the unstable group, with great phase drifts and time spent below the amplitude threshold (dashed line). The spectral gain method revealed a higher gain in the unstable group, due to a greater HF-RR spectral density (close to the HF-RR CDM amplitude). The grey bands represented Fast Fourier Transform epochs with no efficient gain, corresponding to losses of CDM HF-RR amplitude, explaining the great correlation between the two following parameters: the percentage of time (in seconds) spent under an amplitude threshold provided by the CDM and the percentage of time (in epochs of 16 seconds) spent with a coherence value below 0.5.](1465-9921-11-38-1){#F1}

###### 

Comparison of the spectral gain parameters between the two groups of patients (unstable *vs*stable) at PEEP 10.

  Spectral components                 Unstable group (n = 11)   Stable group (n = 12)   *p*value
  ----------------------------------- ------------------------- ----------------------- ----------
  HF-RR spectral density (ms^2^)      6328 (2277-29222)         722 (457-1798)          0.003
  HF-SBP spectral density (mmHg^2^)   1048 (496-4279)           1963 (851-3613)         0.3
  Spectral gain (ms/mmHg)             3.03 (1.18-6.16)          0.59 (0.33-1.42)        0.01
  Spectral coherence (0-1)            0.81 ± 0.02               0.93 ± 0.01             0.001
  \% time with coherence \< 0.5       33.33 (20.64- 42.60)      0.00 (0.00-7.07)        0.006

All results were reported as means ± SEM when normality has been checked, as median (25-75 percentile) values otherwise. For each patient, the resulting spectral components values (except the last line, % time with coherence \< 0.5) were the mean of the successive 16-second epoch values, when the spectral coherence between RR and SBP was greater than 0.5, allowing the gain analysis. The gain value was lower in the stable group, due to the decrease in HF-RR spectral density, whereas the spectral coherence was greater and the percentage of time with coherence \< 0.5 was lower.

The spectral gain was lower in the stable group, because HF-RR spectral density was lower, whereas HF-SBP spectral density was not different. The percentage of time, in number of 16-second epochs, with a coherence greater than 0.5 between the RR and SBP spectra (allowing the gain calculation), and the spectral coherence itself were higher for the stable group.

At PEEP 10, the stable group had lower mean RR interval (Table [3](#T3){ref-type="table"}) and mean arterial pressure (47 ± 4 versus 71 ± 6 mmHg, p = 0.003) than the unstable group.

###### 

Comparison of the RR HF-CDM parameters between the two groups of patients (unstable *vs*stable) at PEEP 10.

  RR series          Parameters                   Unstable group (n = 11)   Stable group (n = 12)   *p*value
  ------------------ ---------------------------- ------------------------- ----------------------- ----------
  Raw RR             mean value (ms)              777 (613-911)             551 (473-600)           0.004
  HF-CDM amplitude   mean value (ms)              3.04 (1.91-7.17)          1.33 (1.10-1.98)        0.007
                     lnHF/RR (ms/s)               1.42 (0.80-2.18)          0.54 (0.15-1.28)        0.05
                     SD (ms)                      1.21 (0.81-2.03)          0.14 (0.09-0.30)        0.001
                     time below threshold^a^(%)   8.37 (4.50-11.92)         0.00 (0.00-0.00)        0.001
  HF-CDM phase       SD (rad)                     0.80 (0.35-2.42)          0.13 (0.08-0.22)        0.001
                     maximal drift (rad)          2.76 (0.78-6.17)          0.44 (0.29-0.679)       0.001

All results were reported as means ± SEM when normality has been checked, as median (25-75 percentile) values otherwise. ^a^: percentage of time spent with HF amplitude below 50% of the mean HF amplitude for the individual patient. For each patient, the resulting parameter values were the average of the beat-to-beat values over the analysis period. Mean RR and HF amplitude were lower in the stable group. The two parameters related to the variability of HF amplitude (standard-deviation and time spent below the threshold of amplitude) were lower in this group, reflecting a more stable HF amplitude over time. The two parameters related to the variability of the HF-RR/ventilation phase difference (standard-deviation and maximal drifts) were lower in the stable group, reflecting a more stable RR/ventilation phase difference over time.

### RR variability: HF-RR amplitude and cardiorespiratory phase difference over time (Table [3](#T3){ref-type="table"})

Mean HF-RR amplitude was lower in the stable group, even if normalized by the RR interval, as previously suggested \[[@B33]\]. HF-RR amplitude was steadier over time in the stable group, as reflected by lower standard deviation and lower time below the 50% threshold of the mean value. Cardiorespiratory phase difference was also steadier in the stable group, with lower standard deviation and lower maximal drift (Figure [1](#F1){ref-type="fig"}).

Effects of PEEP change in the whole population
----------------------------------------------

### Baroreflex sensitivity (Figure [2](#F2){ref-type="fig"})

![**Comparison of the spectral gain parameters between PEEP 5 and PEEP 10, in one subject, representative of the mean behavior of all patients**. Each dot represented an averaged value over 16 seconds. Raw RR and SBP remained at the same level, while the gain was lower at PEEP 10, due to the increase in SBP spectral density. The mean coherence value and the percentage of time (in number of 16-second epochs) with coherence under 0.5 did not significantly differ between PEEP 5 and PEEP 10. Dashed lines showed 3 epochs with low coherence, discarding them from the analysis.](1465-9921-11-38-2){#F2}

The baroreflex gain was lower at PEEP 10 than at PEEP 5 (1.13 (0.51-3.10) vs 1.94 (0.64-3.86) ms/mmHg; p = 0.005). It was due to the increase in HF-SBP spectral density (1120 (576-3752) vs 771 (421-2975) mmHg^2^; p = 0.007) whereas HF-RR spectral density remained unchanged (1997 (675-10367) vs 2046 (816-8726) ms^2^; p = 0.5). The percentage of time, in the number of 16-second epochs, with a coherence between SBP and RR spectra lower than 0.5 (precluding the calculation of baroreflex gain) was significantly lower at PEEP 10 than at PEEP 5 (18.01 ± 4.04% vs 26.96 ± 4.71%; p = 0.04). Neither mean raw RR (650 (498-758) vs 592 (504-775) ms; p = 0.5), nor mean raw SBP (114 (102-131) vs 115 (102-130) mmHg; p = 0.2) differed from PEEP 5 to PEEP 10.

### RR variability: HF-RR amplitude and cardiorespiratory phase difference over time

Mean HF-RR amplitude did not differ between PEEP 5 and PEEP 10 (2.19 (1.20-3.43) vs 1.94 (1.20-3.50) ms; p = 0.5), that is in agreement with HF RR spectral density results. Nevertheless, time-variations of HF-RR amplitude and cardiorespiratory phase difference strongly differed between PEEP 5 and PEEP 10 (Figure [3](#F3){ref-type="fig"}). The lower percentage of time spent below the threshold (5.2 (0.0-16.4) % at PEEP 5 vs 0.0 (0.0-7.8) % at PEEP 10; p = 0.02) reflected a greater stability of HF-RR amplitude at PEEP 10. The cardiorespiratory phase difference was also more stable over time at PEEP 10 than at PEEP 5, as reflected by a lower standard-deviation (0.26 (0.13-0.77) vs 0.43 (0.14-0.75) rad; p = 0.05) and a lower maximal drift (0.68 (0.42-2.66) vs 1.53 (0.73-3.44) rad; p = 0.007).

![**Comparison of the CDM parameters between PEEP 5 and PEEP 10 in a subject representative of the mean behavior of all patients**. This subject exhibited great differences as he was classified in the unstable group at PEEP 5 and reclassified in the stable group at PEEP 10. So, the figure mainly focused on the greater variability of the HF phase and amplitude of RR and SBP, at PEEP 5. This greater variability was estimated by the standard-deviation of the time series, the maximal drift of the phase, the percentage of time spent below the amplitude threshold (dashed line).](1465-9921-11-38-3){#F3}

At PEEP 5, 15 patients were in the unstable group and 8 in the stable group. At PEEP 10, 11 patients were in the unstable group (all of them were already in this group at PEEP 5) and 12 in the stable group. Thus, the general stabilizing effect of increasing PEEP on HF RR variability was especially pronounced in four patients and reflected by their transfer from unstable to stable group. Figure [3](#F3){ref-type="fig"} represented one of those patients, who exhibited highly variable cardiorespiratory phase difference and HF-RR amplitude at PEEP 5, those parameters becoming more stable at PEEP 10, and even very stable for the phase difference.

Discussion
==========

Main findings
-------------

In a previous study \[[@B15]\], we have observed that some mechanically ventilated patients had variable HF amplitude of RR variability and cardiorespiratory phase difference over time, and others did not. We hypothesized that a stable pattern could reflect a blunted autonomic nervous function. The present study has shown that patients with stable HF-RR amplitude and cardiorespiratory phase difference had lower baroreflex gain and lower mean HF-RR amplitude, suggesting an altered autonomic nervous function. Moreover, as PEEP has been shown to affect the autonomic nervous system in other settings, we also hypothesized that increasing PEEP could worsen the autonomic nervous function in mechanically ventilated patients. The present study has confirmed that increasing PEEP may decrease the baroreflex sensitivity and promote the stability of HF-RR amplitude and cardiorespiratory phase difference over time, two conditions associated with a blunted autonomic nervous function, as demonstrated above.

Autonomic nervous system in critical care patients
--------------------------------------------------

HF RR variability and baroreflex gain have been frequently used to assess the autonomic nervous system in critical care patients \[[@B34],[@B35]\], although the value of cardiovascular variability as an index of autonomic control of circulation remains controversial \[[@B36]\]. In critical care patients, a reduced RR variability has been already demonstrated in septic shock \[[@B1]\], trauma \[[@B2]\], acute brain injury \[[@B37]\] or multiple organ failure \[[@B3],[@B34]\], and has been often interpreted as an autonomic dysfunction. But our study is the first to investigate the temporal changes of RR variability, in amplitude as well as in phase, and to show that monotonous phase and amplitude of RR variability might be associated with altered autonomic function. Thus, the temporal assessment of RR variability could provide a non-invasive index of autonomic nervous function. That is clinically relevant, because a real-time monitoring of RR variability is now available \[[@B38]\] and because autonomic dysfunction has been shown to increase the mortality of multiorgan failure patients \[[@B34]\]. Nevertheless, this real-time monitoring is not yet usually employed, and its feasibility remains to be demonstrated, because there are potential limitations, like signal artefacts or extrasystolic beats.

In our study, autonomic dysfunction occurred in approximately half of critically ill, mechanically ventilated patients. Few authors reported the prevalence of autonomic disorders in critical care patients, because of the lack of clear diagnostic criteria. Nevertheless, our results are in accordance with a study on 1425 trauma patients, which reported that 56% of the patients exhibited autonomic dysfunction \[[@B2]\]. Our population was relatively heterogeneous in terms of age, gender or comorbidities and this might have affect the occurrence of autonomic dysfunction, but we believe that such a high prevalence was most likely due to the acute illness. Thirteen of the 23 patients suffered from pneumonia. To our knowledge, there is no report of a higher prevalence of autonomic dysfunction in pneumonia, but most of these patients also had signs of sepsis and/or septic shock, two conditions well known to be associated with autonomic disorders \[[@B1]\].

Effects of mechanical ventilation on the autonomic nervous system
-----------------------------------------------------------------

During spontaneous breathing, many ventilatory parameters may affect the autonomic nervous system. For example, HF-RR amplitude increases when tidal volume increases or when breathing frequency decreases \[[@B39]\]. PaCO2 \[[@B40]\] or inspiratory-to-expiratory ratio \[[@B41]\] may also affect RR variability. In our study, ventilator settings were therefore standardized (except for the PEEP level) to ensure comparable influence on autonomic nervous function. We also checked that PaCO2 was not different between the two groups.

By contrast, the effect of mechanical, positive pressure ventilation on the autonomic nervous system was scarcely explored, especially in critical care patients. In two studies of low-risk patients under general anaesthesia, reversal of the phase of respiratory sinus arrhythmia was noted in 26 of 28 \[[@B42]\] and 3 of 10 patients \[[@B43]\], respectively. In critical care patients, our study previously reported extremely variable phases of respiratory sinus arrhythmia \[[@B15]\].

Focusing on the effect of PEEP, modulation of autonomic nervous function, and especially of the baroreflex gain, has been already described, but with conflicting results and never in critical care patients. In healthy subjects, several authors \[[@B44],[@B45]\] observed an enhancement of the HF index of the spectral baroreflex gain at a PEEP of 5 mbar, compared to control subjects breathing without positive pressure. On the other hand, Valipour \[[@B13]\], using the sequence method, described a decline in the mean slope of spontaneous baroreceptor sequences at pressure levels \> 10 cmH2O, compared to lower pressure levels (0, 3 or 5 cmH2O). Significant increases in the baroreflex gain were also described with PEEP in severe obstructive sleep apnea, with \[[@B46]\] or without \[[@B12]\] heart failure, and in snorers \[[@B47]\]. In critical care, mechanically ventilated patients, we observed a decrease in baroreflex sensitivity with increasing PEEP. These discrepancies could be explained by very different populations. Indeed, mean values of the baroreflex gain in the present study were lower than those of the above studies.

Autonomic dysfunction: pathophysiological aspects
-------------------------------------------------

Healthy physiologic systems exhibit marked signal variability, while diseased systems show a loss of variability \[[@B37]\]. This \"decomplexification\" process has been linked to the severity and outcome of critical illness \[[@B37]\], and we suggest that excessively stable pattern of HF-RR amplitude and cardiorespiratory phase difference could reflect a decomplexification of cardiorespiratory interactions in our patients. This increased regularity could result from an uncoupling process. Indeed, it has been suggested that healthy organs behave as biological oscillators which couple to one another through a communications network including neural, humoral and cytokines components \[[@B48]\]. Diseased states would be associated with an uncoupling of these oscillators and an increased regularity of each oscillator (for example, an increased RR regularity). In critical care patients, uncoupling has been involved in multiple organ dysfunction syndrome \[[@B48]\], acute brain injury \[[@B49]\] or septic shock \[[@B50]\].

Several authors have emphasized the interactions between the central nervous system (including autonomic nervous centers) and other parts of the communications network mentioned above. Tight relations exist between immune and central nervous system \[[@B51]\]: during an injury or infection, brainstem centers receive sensory inputs from the immune system through humoral (circulating cytokines) and neural (afferent vagus nerve) routes, and may adjust the immune response through neuro-endocrine pathways or hard wired connections. Indeed, the stimulation of the hypothalamus-pituitary-adrenal axis exerts strong anti-inflammatory effects, as well as efferent vagal activation (release of acetylcholine by postganglionic neurons inhibits the release of pro-inflammatory cytokines by immune cells) \[[@B51]\]. Interactions between autonomic nervous system and endothelial function have been also described \[[@B52]\], involving oxidative stress, nitric oxide, insulin resistance or platelet activation. In critical care patients, most parts of this complex network are disturbed and could contribute to the autonomic dysfunction.

Many other factors present in critical care patients may interfere with the autonomic nervous system. Among sedative drugs, propofol has been shown to decrease the slope of baroreflex \[[@B7]\], whereas benzodiazepines decreased the high-frequency RR variability \[[@B53]\]. In septic shock, baroreflex gain and low-frequency/high-frequency ratio of RR variability were correlated with plasma norepinephrine levels \[[@B1]\]. These findings suggest a direct effect of administered vasoactive drugs on autonomic nervous system, although the administration of epinephrine or norepinephrine in healthy subjects has failed to demonstrate a change in baroreflex gain or RR variability \[[@B54]\]. Lastly, oxygenation status might also be involved, as hypoxemia has been shown to decrease the baroreflex gain in healthy volunteers \[[@B55]\] and the RR variability in chronic obstructive pulmonary disease \[[@B56]\]. But hypoxemia is unlikely to explain our results. Indeed, our patients, although suffering from acute lung injury, were not hypoxemic because FiO2 was adjusted to ensure safe PaO2 values.

Differentiation between the two groups
--------------------------------------

We believe that an independent autonomic function likely of central origin, not coordinated with the mechanical ventilation, could still exist in some critical care, mechanically ventilated patients (unstable group) and not in others (stable group). This could account for the sudden shifts of HF-RR phase and amplitude observed in the unstable group. Interestingly, we have observed significantly lower RR interval and mean arterial pressure at PEEP 10 in patients belonging to the stable group, compared with those from the unstable group. These results might suggest that patients of the stable group were more hypovolemic and thus more affected by increasing PEEP. Indeed, in this group, PEEP 10 induced a decrease in arterial pressure (through a plausible reduced left ventricular stroke volume \[[@B57]\]) and a compensatory decrease in RR intervals, whereas no RR or arterial pressure variation was observed in the unstable group. Decreased RR intervals and arterial pressure were well described in hypovolemic humans \[[@B58]\], and PEEP-induced hemodynamic changes have been proposed as indicators of hypovolemia \[[@B57]\]. Nevertheless, the hypothesis that stable cardiorespiratory phase difference and HF-RR amplitude, which characterized the stable group, could be associated with hypovolemic states would need further confirmation. Indeed, another explanation for the shorter RR interval in the stable group at PEEP 10 could be the loss of autonomic (vagal) function.

Interestingly, 4 patients had an unstable pattern of variability at PEEP 5, which became stable at PEEP 10. To our knowledge, this observation that some mechanically ventilated patients might have independent autonomic function at PEEP 5 and will lose it at PEEP 10 has never been described, and is clinically relevant because of the prognostic value of the autonomic dysfunction \[[@B34]\]. PEEP is widely used and recommended \[[@B14]\] in the management of critical care patients with acute lung injury, in order to reduce the proportion of nonaerated lung and to improve arterial oxygenation. Deleterious effects of PEEP are well known, like circulatory depression \[[@B59]\], increased pulmonary edema \[[@B60]\] and overdistension \[[@B21]\], but its effect on autonomic nervous system has been poorly explored in critical care patients. An animal study on acute brain damaged rabbits has described a depressed autonomic nervous activity induced by PEEP \[[@B61]\], but our study is the first to present similar results in patients.

Limitations of the study
------------------------

A limitation of our study was the lack of data related to the response to PEEP in terms of respiratory mechanics and gas exchange. Indeed, data on respiratory mechanics would have allowed checking the increased mechanical constraint induced at PEEP 10. Gas exchange measurements would have allowed investigating other factors known to affect RR variability, like PaCO2 or chemoreflex. These parameters were not recorded in the present study, because our objective was only to assess whether increasing PEEP could affect RR variability and baroreflex, and not to investigate the mechanisms responsible for this effect, whatever they were (direct mechanical effect, change in PaCO2 or PaO2, etc\...). Therefore, we believe that the lack of respiratory mechanics and gas exchange does not question the reliability of our results.

Another limitation was that we failed to demonstrate an impact of the steady pattern of HF-RR amplitude and cardiorespiratory phase difference on mortality. The stable group had significantly higher SOFA score and vasoactive drugs dosage compared with the unstable one, strongly suggesting an increased severity. Although the mortality rates did not differ between the two groups, the study was not designed to assess the prognosis. A larger study would be interesting in order to confirm an impact on mortality.

Conclusions
===========

In critical care, mechanically ventilated patients, time-variations of HF-RR amplitude and cardiorespiratory phase difference could reflect the autonomic nervous system function. A steady pattern was associated with decreased baroreflex sensitivity and RR variability, suggesting impaired autonomic nervous system. Increasing PEEP reduced the baroreflex sensitivity, promoted a steady pattern, and could therefore alter the autonomic nervous function in these patients.
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